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Thylakoid membranesBy using low temperature ﬂuorescence spectroscopy, it has been shown that exposing chloroplast thylakoid
membranes to acidic pH reversibly decreases the ﬂuorescence of photosystem II while the ﬂuorescence of
photosystem I increases [P. Singh-Rawal et al. (2010) Evidence that pH can drive state transitions in isolated
thylakoid membranes from spinach, Photochem Photobiol Sci, 9 830–837]. In order to shed light on the origin
of these changes, we performed circular dichroism (CD) spectroscopy on freshly isolated pea thylakoid mem-
branes. We show that the magnitude of the psi-type CD, which is associated with the presence of chirally or-
dered macroarrays of the chromophores in intact thylakoid membranes, decreases gradually and reversibly
upon gradually lowering the pH of the medium from 7.5 to 4.5 (psi, polymer or salt induced). The same treat-
ment, as shown on thylakoid membranes washed in hypotonic low salt medium possessing no psi-type
bands, induces no discernible change in the excitonic CD. These data show that while no change in the pig-
ment–pigment interactions and thus in the molecular organization of the bulk protein complexes can be
held responsible for the observed changes in the ﬂuorescence, acidiﬁcation of the medium signiﬁcantly alters
the macro-organization of the complexes, hence providing an explanation for the pH-induced redistribution
of the excitation energy between the two photosystems. This article is part of a Special Issue entitled: Photo-
synthesis Research for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The efﬁciency of photosynthetic light energy conversion depends
largely on themolecular architecture of the photosynthetic membranes,
which also determines themigration of the excitation energy in the pig-
ment system and its supply to the reaction centers. One of the basic fea-
tures of the photosynthetic system of chloroplasts is its ability to be
regulated by short-term variations in the external environmental condi-
tions [1,2]. Most regulatory functions operate via feedback mechanisms
during photosynthesis, which, by adjusting the composition and/or the
structure of the pigment system, can ﬁne-tune the photosynthetic func-
tions. For instance, in the case of phosphorylation-dependent state tran-
sitions, regulated by redox sensing, redistribution of the excitation
energy between the two photosystems is achieved via substantial reor-
ganizations, e.g. themovement of a pool ofmobile light-harvesting com-
plex II (LHCII) antenna proteins associated with photosystem II (PSII),
and structural changes at the level of supercomplexes and remodeling
of the membrane ultrastructure [3–11]. Phosphorylation of LHCII can
also be regulated by light at the substrate level via inducing conforma-
tional changes [12,13]. LHCII in vivo and in vitro is capable of undergoinghesis Research for Sustainability:
vi Ahilya University, Khandwa
x: +91 731 4263453.
.
l rights reserved.thermo-optically driven reorganizations, i.e. structural changes induced
by the dissipation of excess excitation energy [14–16]. The feedback
mechanism operating via the light-induced acidiﬁcation of the lumen,
i.e. via the formation of the light-induced transmembrane proton gradi-
ent, is of particular importance since it is involved in the regulation of
utilization vs. dissipation of the excitation energy in the light harvesting
pigment system. The short-term regulatorymechanism, qE, the energy-
dependent component of the non-photochemical quenching (NPQ)
controls themagnitude of dissipation of the singlet excited state of chlo-
rophyll a, and by this means protects plants against processes of photo-
degradation [17–19]. Although the molecular mechanism of qE is still
debated, it is most widely agreed that it requires and relies on the ﬂex-
ibility of the structure and/or composition of the light harvesting appa-
ratus, i.e. it involves some kind of reversible structural changes either at
the level of individual light harvesting or auxiliary complexes, such as
PsbS, or/and at the level of their macroassembly [20–28]. Excess light
leads to formation of a trans-thylakoid pH gradient which in turn stim-
ulates the xanthophyll cycle [29].
In a recent report it has been shown that at lowpH(pH5.5), theﬂuo-
rescence of PS II decreases with concomitant increase in the ﬂuores-
cence of PS I, resulting in an increase in the F735/F685 ratio [30]. This
study indicated that the distribution of the excitation energy between
the two photosystems can be altered by varying the pH, possibly by a
rearrangement of the complexes between the stacked and non-
stacked regions. This work prompted us to explore further the nature
of these putative structural changes, which are thought to bring about
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koid membranes. To this end, we used CD spectroscopy, which is a sen-
sitive and non-destructive technique to study the conformation ofFig. 1. Dependence of CD spectral features on the pH in the range of 4.5 to 7.5. (A) Effect
of lowering pH on the CD spectra of intact thylakoid membranes; the pH was titrated
gradually in steps of 0.5 but the results are shown only for selected values. (B) Revers-
ibility of the low pH induced effects; the pH was increased from the indicated pH value
to 7.5; the spectra are shown for selected pH values. (C) Variations of the amplitude of
the main psi-type CD band at about 690 nm as a function of the pH as in (A), and its
reversibility as in (B).The thylakoid membranes were incubated in reaction media con-
taining 0.4 M sorbitol, 50 mM of Tricine-KOH, adjusted to the indicated pH, and 5 mM
KCl and 5 mM MgCl2 with a chlorophyll content of 20 μg/ml. Reversibility was mea-
sured by titrating the pH back to 7.5 using the same reaction medium.different pigment–protein complexes as well as their chiral macroorga-
nization. Protein complexes and their small aggregates exhibit short-
range, excitonic interactions between the pigment molecules, whereas
extended ordered arrays of the pigment–protein complexes display
psi-type CD bands due to their densely packed chirally organized pig-
ment systems [30,31]. CD spectra weremeasured on isolated pea thyla-
koid membranes exposed to different pH treatments. Our data show
that whereas the excitonic CD signals are essentially insensitive to
changes in the pH between 4.5 and 7.5, the psi-type CD bands display
signiﬁcant but reversible pH-dependencies, indicating that the long-
range chiral order of the complexes ismodulated in a reversiblemanner
by relatively small pH variations.
2. Materials and methods
2.1. Isolation of thylakoid membranes
Thylakoid membranes were isolated from pea (Pisum sativum L.)
leaves grown in the greenhouse for 10–12 days. Leaves were homog-
enized in buffer A (50 mM Tricine-KOH pH 7.5, 0.4 M sorbitol, 5 mM
MgCl2, 5 mM KCl). The homogenate was ﬁltered through 4 layers of
cheesecloth and the ﬁltrate was centrifuged for 2 min at 300×g. The
pellet was discarded and the supernatant was centrifuged at
5000×g for 10 min. In order to remove the envelope membrane,
the pellet was resuspended in the hypotonic buffer B (50 mM
Tricine-KOH pH 7.5, 5 mM MgCl2, 5 mM KCl) and the suspension
was centrifuged at 5500×g for 10 min. The pellet containing intact
thylakoid membranes was resuspended to a chlorophyll content of
1–2 mg/ml in buffer A. All steps of the isolation were performed at
4 °C and the isolated thylakoid membranes were stored on ice until
further use.
2.2. pH treatment
For pH treatment, the membranes at a chlorophyll content of
20 μg/ml were resuspended in 50 mM Tricine buffer with their pH ad-
justed to 7.5, 7.0, 6.5, 6.0, 5.5, 5.0 and 4.5; the reaction medium also
contained 0.4 M sorbitol, 5 mM KCl and 5 mMMgCl2. The membranes
were incubated at different pHs for at least 20 min, but the variations
in the incubation time, between 10 min and 2 h, had no effect. For
obtaining washed thylakoids displaying no psi-type CD bands, the
thylakoid membranes were washed twice in 50 mM Tricine buffer,
pH 7.5, supplemented with 5 mM EDTA, and were sonicated (BransonFig. 2. CD spectra of washed thylakoid membranes measured at different pHs; spectra
are shown for selected treatments only. Thylakoid membranes were washed twice in
Tricine buffer supplemented with KOH and 5 mM EDTA followed by sonication (see
Materials and methods). Chlorophyll content, 20 μg/ml.
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value of 10. This was followed by the pH treatment in the same medi-
um which otherwise was similar as described above. Reversibility of
the pH effects was studied by titrating the pre-treated samples with
KOH from different pHs (5.0, 5.5, 6.0, 6.5, 7.0) back to pH 7.5.
2.3. CD measurements
CD spectra were recorded at room temperature on Jasco J-815
spectropolarimeter. The spectra were measured at room temperature
between 400 and 750 nm with an optical pathlength of 1 cm, a band-
width of 2 nm and data pitch of 0.5 nm. The scan speed was set to
100 nm/min and the integration time was 1 s. The CD spectra are nor-
malized to the maximum absorbance of the samples at around
678 nm. Absorption spectra were recorded at room temperature
with Shimadzu UV-3000 spectrophotometer in a double beam
mode, with an optical pathlength of 1 cm, the cuvette was placed
close to the photomultiplier tube, in front of which a quartz diffuser
was placed.
3. Results and discussion
As shown in Fig. 1A, the intensity of the two main positive CD
bands of freshly isolated intact thylakoid membranes at around (+)
690 and (+)510 nm gradually decreases upon gradually lowering
the pH of the medium from 7.5 to 4.5. Since it has been shown that
these bands are of psi-type origin and thus originate from chirally or-
ganized macro-arrays of the complexes, the observed variations dem-
onstrate that there are well discernible low pH induced changes in
the macro-organization of the thylakoid membranes [31,32]. It is in-
teresting to note that while these two bands decrease at about the
same extent, the third major psi-type band, a negative band at around
(−)675 nm, displays hardly any change. This latter band has been
shown to depend mainly on the stacking of granal thylakoid mem-
branes, whereas the positive psi-type bands depend more on the lat-
eral organization of the complexes [16,33,34]. Although the
complexity of the psi-type CD bands [32] does not allow us to deter-
mine the exact nature of these structural changes, our data, which in-
dicate the decrease in the long-range order of the complexes rather
than the stacking of membranes, are in broad terms consistent with
literature data showing that lateral reorganizations and the formation
of smaller aggregates play a role in qE, which depends on the acidiﬁ-
cation of the lumen [25,35,36].
It was important to clarifywhether these pH induced changes are re-
versible or irreversible. To test this, the samples—previously pre-treated
andmeasured at different pHs—were titrated back with KOH directly to
7.5 as described in Materials and methods, and the spectra were
recorded at pH 7.5 (Fig. 1B). A very clear, almost complete reversal of
the pH induced effect was observed in the amplitude of all the major
peaks even when the pH was reversed from 4.5. This can be seen also
in Fig. 1C, showing the pH-dependence of the main psi-type band.
These data thus reveal distinct and signiﬁcant structural changes in
the thylakoid membranes, and also show that the changes are largely
reversible. It is to be noted that similar reversible changes have earlier
been observed upon illuminating the thylakoid membranes with high
light; further, the light-induced reorganizations, detected as CD tran-
sients, could be eliminated by uncouplers, showing the role of lumenal
acidiﬁcation in the reorganizations [14]. Later studies have also shown
that although the changes in the thylakoid membranes are sensitive to
uncouplers, they can also be induced thermo-optically and even in iso-
lated lamellar aggregates of LHCII [15,37].
In order to examine the effect of the pH on the excitonic interactions,
which conveniently can only be done in the absence of psi-type bands,
thylakoidswerewashed twice in hypotonic, salt-freemediumcontaining
5 mM EDTA [33] and mildly sonicated. By this means, we could investi-
gate the behavior of the excitonic CD bands of thylakoid membranes,which is dominated by the bands originating from LHCII (Fig. 2) [38]. It
is clearly seen that in these washed thylakoid membranes pH titration
did not result in any signiﬁcant changes in the CD spectra neither upon
gradually lowering the pH from 7.5 to 4.5 (Fig. 2), nor upon jumping
from 4.5 to 7.5 (not shown). This shows that the decrease in the pH
does not affect the short range, excitonic interactions; and in particular
the pigment–pigment interactions in the LHCII complexes. The excitonic
CD bands remain largely invariant also in thylakoidmembranes exposed
to illumination with high light [14–16,39]. These data are also fully con-
sistent with earlier CD data on reconstituted complexes, revealing a high
stability of the complexes at lowpH [40]. This stability has been shown to
be warranted by the presence of negatively charged amino acids in the
lumenal loop between the transmembrane helices B and C. It has also
been shown that acidiﬁcation of the medium induced only a very small
decrease in ﬂuorescence in wild type reconstituted LHCII, but a much
stronger quenching in the mutant with lower stability in the lumenal
loop [41]. The apparent stability of the individual complexes, either
upon lowering the pH or upon illumination of the membranes, ex-
plains the largely reversible nature of the macrodomain-
reorganizations induced by low pH or high light. In other terms, it
appears that the arrangement of the complexes in the membrane
can be changed, e.g. via reversible dissociation and migration of
some of the protein components, without affecting noticeably their
molecular architecture.
In conclusion, our data provide evidence for signiﬁcant and speciﬁc
reorganizations in the thylakoid membranes that are exposed to low
pHs. Our data with pH show that these reorganizations, affecting the
long range order of the complexes, are essentially fully reversible, a fea-
ture that appears to have a role in the mechanism of qE; this structural
ﬂexibility and reorganizations induced by acidic pHs may also have a
broader signiﬁcance in the multilevel light adaptational mechanisms,
e.g. in repair cycles and redistribution of the excitation energy.
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